Introduction
============

Inorganic--organic hybrid materials constructed from semiconductor nanocrystals (NCs) with appended chromophoric molecules have found increasingly widespread use for a number of light-harvesting and light-emitting functions.[@cit1]--[@cit3] Most of these photonic processes rely on formally spin-triplet excited states, which are generally long-lived in organic molecules owing to their singlet ground states making radiative transitions spin-forbidden while possessing relatively low intrinsic spin--orbit coupling.[@cit4],[@cit5] Meanwhile, triplet excited states are more easily accessed in inorganic semiconductor NCs due to their ill-defined (nearly isoenergetic) spin states following light absorption.[@cit6] The earliest reports of triplet exciton transfer in such hybrid materials incorporated PbS or PbSe NCs coated with a thin film of tetracene or pentacene. These constructs relied on singlet fission[@cit7],[@cit8] to generate triplet excitons in these molecular films that ultimately transferred to the NC triplet acceptors.[@cit9],[@cit10] Subsequent to these reports, our laboratory discovered triplet--triplet energy transfer occurring in the reverse direction in toluene solutions featuring selectively photoexcited CdSe NCs with surface-anchored anthryl or pyrenyl molecules.[@cit11] This investigation provided clear cut experimental evidence for direct Dexter-type energy transfer occurring across the CdSe quantum dot--molecule interface.[@cit12]

However, PbS quantum dots, while unequivocally generating molecular triplet excitons following direct excitation of the NC,[@cit13]--[@cit16] have proven more mechanistically complex with respect to CdSe. Of particular importance was the identification of an unusual photogenerated reaction intermediate that appeared when 6,13-bis(triisopropylsilylethynyl)pentacene-2-carboxylic acid (TPn),[@cit13] a closely related structural derivative of TIPS-pentacene, was anchored to the surface of PbS NCs. This observation was attributed to a sluggish hole trapping process that produced a charge separated state between PbS(e^--^) and TPn˙^+^ and upon recombination generated the triplet excited state of TPn. A more recent account offered for PbS quantum dots\' spectroscopically-observed deviation from traditional Dexter-type direct TTET relied on quantum chemical calculations to implicate a theoretical NC surface-localized excited state as the kinetic intermediate.[@cit16]

To continue the mechanistic analysis of this hybrid system, four sizes of PbS NC were synthesized. Upon post-synthetic modification of the PbS NC surfaces with TPn, the sub-picosecond to supra-nanosecond dynamics of these systems were studied using transient absorption spectroscopy. Kinetic analysis of the experimental data indicates the conservation of a stepwise energy transfer mechanism from PbS NCs to TPn, irrespective to the size or band-gap energy of the NC. The rates of the second step in the stepwise mechanism suggest Marcus free energy dependence in the normal region. These results will be rationalized within the context of surface-trapped holes mediating triplet energy transfer.

Experimental
============

Nanomaterial synthesis and characterization
-------------------------------------------

### Quantum dot syntheses

Oleate-capped PbS NCs were synthesized by adapting previously reported procedures.[@cit13],[@cit17] For the smallest PbS NC sizes, the sulfide precursor injection temperature was lowered from 110 °C to 95 °C for PbS-945 or 80 °C for PbS-805. While multiple batches per NC size were synthesized to ensure future synthetic reproducibility, all experiments (ligand exchanges, spectroscopy, and materials characterization) were performed on a single synthetic batch to eliminate batch-to-batch inhomogeneity. TPn was synthesized and structurally characterized as published previously.[@cit18]

### Ligand exchange with TPn

The oleate-capped PbS NCs were subjected to well established ligand exchange procedures.[@cit11],[@cit13]--[@cit16],[@cit19]--[@cit21] Briefly, oleate-capped NCs were suspended in toluene to which TPn was added to initiate 1 : 1 X-type ligand exchange[@cit15] with the oleate ligands. The NC-TPn hybrids were then purified by successive precipitation-centrifugation-resuspension and filtration steps. The average NC : TPn ratio was determined *via* UV-vis absorption spectroscopy. These values were found to be 1 : 20.7 for PbS-805-TPn, 1 : 33.2 for PbS-970-TPn, 1 : 42.3 for PbS-1000-TPn, and 1 : 53.9 for PbS-1075-TPn for time resolved spectroscopy samples.

### Static spectroscopy

Electronic absorption spectra were measured on a Shimadzu UV-3600 UV-vis-NIR spectrophotometer. Steady-state photoluminescence spectra were measured on an Edinburgh Instruments FS920 fluorescence spectrometer equipped with both a visible and a near-infrared photomultiplier tube. Excitation at 743 nm was achieved by a 450 W Xe arc lamp equipped with a monochromator and appropriate long pass filters.

### Electron microscopy

Transmission Electron Microscopy (TEM) experiments were carried out using a JEM 2000FX Scanning TEM (JEOL). Images were acquired at an accelerating voltage of 200 kV. Samples were prepared by evaporation of dilute NC suspensions in toluene that had been dropped onto an ultrathin carbon film on a lacey carbon support film on a 400 mesh Cu TEM grid. Size distributions were measured using ImageJ software (<https://imagej.nih.gov/ij/>). Particle sizing was done with the software\'s analyze particle function, after selection of an appropriate contrast threshold for the images. Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDS) was carried out on a FEI Verios 460L field-emission SEM (Thermo Fisher Scientific) equipped with a Si Drift Detector (Oxford Instruments). SEM-EDS samples were prepared by evaporation of dilute NC suspensions in toluene that had been dropped onto atomically smooth Si wafers.

Time-resolved spectroscopic methods
-----------------------------------

### Ultrafast transient absorption spectroscopy

Ultrafast transient absorption spectroscopy measurements were performed using an amplified Ti:sapphire laser system described previously in the literature.[@cit22] Briefly, the output from a Coherent Libra 1 kHz Ti:sapphire regenerative amplifier (4 mJ per pulse, 100 fs fwhm at 800 nm) was split into pump and probe beams. The pump beam was directed into an optical parametric amplifier (Coherent OPerA Solo) to generate tunable excitation (743 nm) while the probe beam was delayed in a 6.2 ns optical delay stage before being broadened by a nonlinear optical crystal into broadband white light (sapphire to generate the probe light for visible TA or a proprietary crystal to generate the probe light for NIR TA) before passing through the sample. The two beams were focused and spatially overlapped with the relative polarization of the pump and probe beams set to the magic angle of 54.7°. NC suspensions were measured in 2 mm path length quartz cuvettes and stirred constantly to alleviate local heating from the laser pulses. The PbS and PbS-TPn solutions were prepared to possess optical densities (OD) of approximately 0.06 at 743 nm. The transient absorption difference spectra and kinetics were obtained using a Helios transient absorption spectrometer (Ultrafast Systems), averaging four scans and using 2 s of averaging at every given delay. The ground state absorption spectra were taken before and after each experiment using an Agilent 8453 UV-visible spectrophotometer to ensure there was no sample decomposition.

### Nanosecond transient absorption spectroscopy

Nanosecond TA measurements were executed using a LP920 spectrometer (Edinburgh Instruments). An iStar ICCD camera (Andor Technology) was used to obtain transient difference spectra. Single-wavelength kinetics were collected on either a visible light PMT or an InGaAs photodiode for NIR detection. The excitation source was a tunable Vibrant 355 Nd:YAG/OPO system (OPOTEK) tuned to 743 nm (1 mJ per pulse, 5--7 ns fwhm). While this excitation power is sufficient to generate multiple excitons in PbS NCs, multiexciton processes such as biexciton and triexciton annihilation are expected to be significantly shorter-lived than the pulse duration (5--7 ns fwhm). The excitation source operated at 1 Hz and 3.3 Hz for spectra and kinetics acquisitions, respectively. Appropriate long pass filters were used to remove residual leaking light from the excitation source. The samples were deaerated by a minimum of three freeze--pump--thaw degassing cycles. The PbS and PbS-TPn samples were diluted to OD of approximately 0.06 at 743 nm.

### Extracting kinetic rate constants from transient absorption spectra

Ultrafast transient absorption (TA) spectra were fit using a model based on the assumption that the time-resolved TA spectra of these hybrid materials can be linearly decomposed as the sum of time-independent decay-associated difference spectra (DADS) with specific time-dependent amplitudes.[@cit23] Under this assumption, each DADS is therefore presumed to represent the TA spectrum of an individual excited state in the system. The time-dependent amplitudes correspond to the concentration or population of their respective DADS. In solving for these values from the PbS-TPn TA data, each DADS was assumed to interconvert to the next in a sequential, first order fashion.

Three DADS and an additional fitting parameter could model the complete ultrafast TA spectral datasets for all PbS-TPn materials studied. The additional fitting parameter, resembling a fourth DADS, is included in the model to account for a nonlinear response feature from the toluene occurring coincidentally with the impulse response function (IRF). The spectra produced by the model appear in [Fig. 3a--d](#fig3){ref-type="fig"}. Additionally, the fits obtained from the model are compared to the experimental data at the end of the ESI (Fig. S12--S19).[†](#fn1){ref-type="fn"} The PbS-TPn TA data was fit separately for the individual white light continua in the visible and NIR, respectively, and the corresponding rate constants were found to be in excellent agreement. The kinetic rate constants extracted from the model have been used to interpret the experimental data (Table S3[†](#fn1){ref-type="fn"}).

Results and discussion
======================

The four sizes of PbS NC that were synthesized are displayed in [Fig. 1a and b](#fig1){ref-type="fig"}. Consistent with quantum-confined semiconductor nanomaterials, the lowest energy PbS NC exciton absorbance maximum shifts to higher energies with decreasing PbS NC average diameter,[@cit24]--[@cit27] supported by analysis of TEM images (Fig. S1[†](#fn1){ref-type="fn"}). The wavelength of maximum photoluminescence intensity shifts in concert with the maximum absorbance wavelength in the first exciton band. The PbS NCs possess photoluminescence intensity maxima near 805, 970, 1000, and 1075 nm, and will be referred to as PbS-805, PbS-970, PbS-1000, and PbS-1075.

![(a) Illustration of PbS nanocrystal first exciton and TPn-centered energy levels. (b) Electronic absorption (solid lines) and emission spectra (dashed lines) for PbS NCs ranging in diameter from 3.3 nm (top, red) to 2.2 nm (bottom, violet). (c) Electronic absorption spectra (top) in toluene of PbS-1075 nanocrystals before and after ligand exchange by TPn with free TPn shown, and photoluminescence spectra in toluene (bottom) of PbS-1075 and PbS-1075-TPn. The depression in the photoluminescence near 1150 nm results from toluene absorption.](d0sc00310g-f1){#fig1}

As a representative example of the change in electronic effects upon surface-functionalization, the absorption and photoluminescence spectra for PbS-1075 before and after ligand exchange of oleate to TPn and subsequent purification are given in [Fig. 1c](#fig1){ref-type="fig"}. The absorption spectrum of free TPn is included for reference. The corresponding spectra for all other hybrid materials subjected to TA spectroscopy are presented in Fig. S2.[†](#fn1){ref-type="fn"} While the colloidal NC ligand exchange process and its specific effects in the context of time-resolved optical spectroscopy has been discussed at length elsewhere,[@cit11],[@cit13]--[@cit16],[@cit19]--[@cit21] a subtle spectral feature is noteworthy here. In all four discrete materials investigated, a red shift of the TPn absorption bands was consistently observed, often accompanied by a blue shift of the PbS first exciton band. TEM images taken after ligand exchange (Fig. S3[†](#fn1){ref-type="fn"}) showed no change in PbS NC average particle size. In the PbS-805 hybrid materials, spectral congestion from the energetic similarity between the PbS first exciton absorbance band and the TPn absorbance band prohibits definitive assignment of the concomitant PbS absorption blue shift. These shifts are reminiscent of NC-molecule electronic wavefunction interactions that occur in strongly quantum-confined materials.[@cit13],[@cit28]

TA spectroscopy was utilized to interrogate the excited state dynamics occurring in the oleate-capped PbS NCs. [Fig. 2a](#fig2){ref-type="fig"} displays time dependent TA difference spectra for PbS-805 suspended in toluene using a visible light probe (430--780 nm) following 743 nm pulsed laser excitation (0.15 μJ per pulse, 100 fs fwhm, 0.8 excitations per NC). This excitation wavelength was chosen because it is absorbed by all four NC species but not by TPn, therefore allowing all hybrid materials to achieve selective PbS excitation at a single wavelength. Pumping a solution of TPn without any PbS NCs at 743 nm results in no discernible TA signals (Fig. S4[†](#fn1){ref-type="fn"}), indicating that the PbS NCs are selectively excited at this wavelength. Visible and near-IR (830--1380 nm) TA difference spectra for solutions of PbS-1075, PbS-1000, PbS-970, PbS-805 following 743 nm pulsed laser excitation are presented in Fig. S5,[†](#fn1){ref-type="fn"} All four PbS species display a prompt, characteristic negative polarity absorption feature, associated with bleaching of their first exciton absorption band. PbS-805 is instructive to illustrate the general excited-state spectral signatures of PbS NCs. This is because the negative polarity TA signal for the PbS-805 first exciton bleach appears within the same visible region of the electromagnetic spectrum as the other notable PbS-TPn excited state features. These PbS-TPn features consist of the broad induced absorption band characteristic of interband transitions in the excited PbS NCs[@cit29]--[@cit32] and some notable TPn transient spectral features. Over the maximum probe delay of the ultrafast TA measurements (6.2 ns), all four PbS TA difference spectra remain mostly unchanged. Nanosecond TA experiments (Fig. S6 and S7[†](#fn1){ref-type="fn"}) feature symmetric decay of PbS excited state spectral features on a 1--2 μs time scale. These results are consistent with extant knowledge of the excited state dynamics of carboxylate-capped PbS NCs.[@cit13],[@cit15],[@cit16],[@cit32]--[@cit45]

![Ultrafast TA difference spectra of PbS-805 (a) and PbS-805-TPn (b) suspensions in toluene following 743 nm pulsed laser excitation (0.15 μJ per pulse, 100 fs fwhm). Time delays range from 1.0 ps (red) to 6.0 ns (blue). Ultrafast TA kinetics (c) probed at 534 nm (closed circles) and different PbS first exciton bleach wavelengths (open circles) for PbS-805-TPn (purple), PbS-970-TPn (blue), PbS-1000-TPn (green), and PbS-1075-TPn (red) suspensions in toluene following 743 nm pulsed laser excitation (0.15 μJ per pulse, 100 fs fwhm).](d0sc00310g-f2){#fig2}

Following PbS NC surface functionalization with TPn molecules, the TA difference spectra and kinetics following selective excitation of the NCs are changed significantly ([Fig. 2b](#fig2){ref-type="fig"} and S8[†](#fn1){ref-type="fn"}). Upon pulsed laser excitation at 743 nm, the initially formed excited state resembles the excited state of the oleate-capped PbS NCs with the added presence of three negative absorption features at 550, 600, and 650 nm superimposed on the broad PbS excited state. The location of the negative features implies a relationship to the ground state absorption spectrum of TPn. These negative features have been previously assigned[@cit13] and independently reproduced in a closely related study[@cit16] as a transient dipole-induced shift of the S~0~ to S~1~ electronic transitions in TPn.[@cit46]--[@cit50] In PbS-1075-TPn, the material most analogous to those studied previously,[@cit13],[@cit16] the first exciton absorption band bleach disappears over the first 250 ps after excitation. Concomitantly, the broad PbS excited state absorbance was observed to symmetrically attenuate. This was followed by the growth of a band centered at 530 nm, previously assigned to the PbS-bound molecular triplet ^3^TPn.[@cit13],[@cit16] The molecular triplet develops with a time constant of roughly 8 ns, in stark contrast to the ps-regime decays of the spectral features associated with the PbS NC excited state, but in universal agreement with previous related studies.[@cit13],[@cit16] The assignments and temporal ordering of the time-resolved spectral features for all PbS NC hybrid materials, regardless of size, are consistent with the same mechanism. This mechanism consists of a decay of the PbS NC excited state on ps time scales to a kinetic intermediate[@cit13],[@cit16] followed by a nanosecond time scale growth of the TPn excited triplet state.

In all four TPn-modified materials, the time constants for the observed decay of the NIR bleach features were coterminous with the decays of the broad visible absorption features (Table S1[†](#fn1){ref-type="fn"}). PbS-805-TPn (Fig. S8a[†](#fn1){ref-type="fn"}) is of particular interest to this study because the first exciton bleach is now contained in the region probed by the same visible white light generating crystal. This enables comparison of the dominant ^3^TPn signal at 534 nm with the PbS NC first exciton bleach at 710 nm. Furthermore, the shift of the bleach wavelength decongests the NIR white light continuum for observation of the ^3^TPn signal at 994 nm and a characteristic TPn˙^+^ signal expected near 876 nm.[@cit21] The ^3^TPn signal at 994 nm appears in TA difference spectra for PbS-1000-TPn, PbS-970-TPn, and PbS-805-TPn following 743 nm pulsed laser excitation on time scales matching the growth of the ^3^TPn feature around 530 nm (Fig. S8b, d and f[†](#fn1){ref-type="fn"}). However, the TPn˙^+^ signal expected near 876 nm is not observed in PbS-1000-TPn or PbS-970-TPn at any time point. There is a feature observed at 876 nm in PbS-805-TPn on the same time scale as the ^3^TPn features at 530 nm and 994 nm. This kinetic behaviour is indicative that the TPn˙^+^ formed is unlikely to be acting as the primary kinetic intermediate to ^3^TPn formation. The decay rates of the characteristic PbS NC excited state features all increased with increasing PbS NC first exciton energy, as did the growth rates of ^3^TPn ([Fig. 2c](#fig2){ref-type="fig"}). The TA difference spectra and kinetics for the PbS-TPn materials on supra-nanosecond time scales (Fig. S9 and S10[†](#fn1){ref-type="fn"}) illustrate symmetric decay of the NC-appended ^3^TPn spectral features on microsecond time scales (Table S2[†](#fn1){ref-type="fn"}). The time constants associated with this excited state relaxation process approach the time constant for the relaxation of freely diffusing ^3^TPn as the PbS NCs decrease in diameter.[@cit13] The observed trend in ^3^TPn lifetime as a function of PbS NC size is consistent with a concentration effect[@cit15] induced by the greater number of TPn molecules that can be accommodated by the larger NCs. Temperature-dependent decay kinetics of the ^3^TPn TA signals (Fig. S11[†](#fn1){ref-type="fn"}) indicate the reduction in lifetime is unlikely to be a thermally activated excited state process, as previously observed in other NC-molecule materials featuring reverse triplet--triplet energy transfer.[@cit19],[@cit20] The lack of experimental evidence supporting any reverse TTET occurring at these interfaces remains inconsistent with a concerted Dexter-like process.

In the interest of assigning consistent rate constants to the three excited state processes occurring in each material, we used a spectral decomposition model[@cit23] (*vide supra*) to fit the time-resolved TA difference spectra. The three decay-associated difference spectra (DADS) fit to the model of the PbS-1075-TPn data collected over the first 6.2 ns after pulsed 743 nm excitation are displayed in [Fig. 3a](#fig3){ref-type="fig"}. The first DADS (dark red) is reminiscent of the spectrum observed immediately upon selective excitation of the PbS NC. Specifically, it contains a PbS first exciton bleach in the NIR combined with a broadband PbS induced absorption in the visible with the three negative absorption features from the transient dipole-induced TPn absorption shift. Meanwhile, the third DADS ([Fig. 3a](#fig3){ref-type="fig"}, pink) is a strong match to the spectrum of the PbS-appended ^3^TPn species from the final ultrafast TA time delay and the prompt nanosecond TA difference spectra (Fig. S8g, h and S9d[†](#fn1){ref-type="fn"}). The first DADS evolves into the second DADS ([Fig. 3a](#fig3){ref-type="fig"}, red) with a time constant of 12.6 ps. Subsequently, the second DADS evolves into the third with a time constant of 8.0 ns. Both time constants are in good agreement with single-wavelength kinetic analyses of the experimental data and previously published results.[@cit13],[@cit16] Consistent with the single wavelength kinetic analyses, three sequential DADS model the TA difference spectra in every PbS-TPn species investigated here. The sub-microsecond time constants for the PbS-TPn materials extracted from the model are summarized in Table S3.[†](#fn1){ref-type="fn"} The final step to obtain consistent rate constants for the two sub-microsecond excited state processes was to average the rate constants on an average TPn per PbS NC basis, which are also included in Table S3.[†](#fn1){ref-type="fn"}

![Basis spectra modeled on TA spectra of (a) PbS-1075-TPn, (b) PbS-1000-TPn, (c) PbS-970-TPn, and (d) PbS-805-TPn materials. The ultrafast TA spectra initially resemble the 1st (darkest hues) spectra and eventually come to resemble the 3rd spectra (palest hues) by the end of the 6.2 ns delay stage. The 2nd spectra (intermediate hues) are necessary to accurately model the experimental data. Data from 425 to 775 nm and data from 825 to 1325 nm were fit with matching rate constants. Logarithm of extracted rate constants plotted as a function of thermodynamic driving force (e) and approximate PbS NC diameter ((e), inset). Bars in (e) and ((e), inset) reflect the standard error calculated from three independent measurements. The solid red line in (e) is a Marcus theory fit to the data intended as a phenomenological guide for the eye.](d0sc00310g-f3){#fig3}

Recent work on CuInS~2~ NCs has magnified the existence of charge-carrier trapping phenomena in semiconductor NCs, specifically with respect to energy transfer across the NC-molecule interface.[@cit51] In the related PbS-acene study by Bender, Raulerson *et al.*, electronic structure calculations provide a rationale for the existence of surface-localized excited states on the PbS NC.[@cit16] A direct comparison of the triplet sensitization of two different acene molecules by CsPbBr~3~ NCs suggested that electrons and holes could possess vastly different trapping kinetics.[@cit52] The calculated PbS NC surface states were previously tentatively assigned to hole-trapping phenomena at the NC surface.[@cit16] A plausible next step toward validating that mechanistic assignment would be to study the NC size-dependence of triplet--triplet energy transfer from multiple sizes of PbS NC to pentacene. This is the first such PbS NC to acene triplet--triplet energy transfer NC-size-dependence study to employ either NC-selective excitation or a pentacene derivative as the acceptor. If the kinetic intermediate, which is observed comprehensively across all PbS NC sizes investigated, is a surface hole-trapping phenomenon, that could explain the absence of TPn˙^+^ TA signals discussed earlier. Furthermore, we propose this mechanism provides a suitable explanation for the size-dependent behaviour of the ^3^TPn TA signal growth rates displayed in [Fig. 3e](#fig3){ref-type="fig"}. The rate constants for formation of the ^3^TPn state increase with increasing PbS conduction band position, featuring a parabolic Marcus free energy dependence in the normal region. As mentioned previously, the rate constants on the vertical axis in [Fig. 3e](#fig3){ref-type="fig"} have been adjusted to reflect the differing surface concentrations of TPn on the different sizes of the PbS NC. However, they do not account for any changes in NC-TPn electronic coupling as a function of PbS NC size. Taking these factors into account, the fit applied to the data herein was intended primarily as a phenomenological guide to the eye. However, the values extracted from the fit in this study are broadly consistent with recently reported data from a PbS QD and tetracene study which also employed a fit to Marcus theory.[@cit53] Meanwhile, the rate constants associated with the attenuation of the initial PbS NC excited state are not well-predicted by Marcus theory. As shown in the inset of [Fig. 3e](#fig3){ref-type="fig"}, the PbS NC size-dependence of the rate constants for decay of the PbS excited state appears to be directly related to the NC diameter. We suggest the rate constants for this first step deviate from Marcus theory in part because they are intrinsic to the PbS NCs or otherwise independent from the energetics of TPn. The combination of the current size and band gap kinetic dependence data, the recent work on charge carrier trapping,[@cit51],[@cit52] and the theoretical evidence for surface state mediation,[@cit16] supports a hole-trapping mechanism for ^3^TPn generation from excited PbS NCs. On picosecond time scales, surface state trapping of photogenerated holes quenches the PbS band edge exciton, while ^3^TPn is directly generated from the hole-trapped PbS NC much more slowly.

Conclusions
===========

We have functionalized a series of PbS NCs with TPn, a derivative of TIPS-pentacene, to generate a suite of hybrid inorganic--organic nanomaterials. We have investigated these nanomaterials from sub-picosecond to supra-nanosecond time scales using transient absorption spectroscopy in the visible and near-IR portions of the electromagnetic spectrum. Selective photoexcitation of PbS NCs produces a kinetic intermediate over picosecond time scales, which decays to yield TPn-localized triplet excitons on nanosecond time scales. This stepwise triplet sensitization process is comprehensive across all PbS NC sizes and band-edge exciton energies investigated. The evidence is demonstrative of stepwise (indirect) sensitization and inconsistent with a concerted Dexter-like process. This work demonstrates the inherent complexity in the interactions between direct energy transfer processes, semiconductor trap states, and stepwise electron transfers. Understanding these interactions is fundamental to successfully govern directional triplet energy transfer or sensitization from semiconductor NCs to surface-appended molecules.
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